The physical properties of coffee solutions were determined for temperatures close to the freezing point. Rheological behaviour, freezing curve, density, and their relationship between coffee mass fraction and Brix degrees were determined for coffee mass fractions between 5 and 50% (wet basis) in the −6 to 20 • C temperature interval. Values of viscosity varied from 1.99 to 1037 mPa·s and values of density from 1000 to 1236 kg·m −3 . The freezing curve was generated using the undercooling method, giving values within freezing curves for food fluids. The results were used to generate mathematical models to predict viscosity, freezing point depression, and density as a function of coffee mass fraction and temperature.
INTRODUCTION
Coffee is the second most traded commodity in the world after petroleum and one of the most consumed food beverages worldwide. [1, 2] In the coffee industry, preservation of quality is highly important; for this reason, low temperature technologies are commonly implemented. Technologies, such as freeze-concentration and freeze-drying, are used to produce soluble coffee thanks to the flavour preservation promoted for using low temperatures. [3−5] The measurement of physical properties of food fluids at low temperatures is relevant in the designing of processes and equipment for freezing technologies. The freezing curve of food fluids represents the state of food as a function of solid concentration and temperature. The state diagram is useful for process condition's selection in freezing technologies. [6] Flux behaviour comprehension at temperatures just above the freezing point of fluids is required for sizing freeze-concentration equipment, such as falling film or tubular systems. In a similar way, determining of the viscosity and density is important to establish the power requirements for pumping during fluid processing. [7] Determining of mathematical models for physical properties and rheological behaviour at low temperatures and at different mass fractions allows applying calculation methods for designing and sizing equipment for freeze concentration. [8] The coffee mass fraction or solid content can be measured by gravimetric techniques; however, • Brix determination can be a faster technique. There is no coincidence between • Brix and solid content because the darker colour of coffee solutions and the minimum fraction of sediments of coffee extract can affect the diffraction of light. A relationship between • Brix and coffee mass fraction has not been described.
There are several mathematical models for viscosity prediction of food fluids. [9−12] However, few studies report mathematical modeling of food fluids viscosity at low temperatures. In this sense, viscosities for sugar solutions, fruit juices, and dairy emulsions at low temperatures were reported by Falguera et al., [13] Ibarz et al., [14] Ruiz et al., [15] Tavares et al., [16] and Gabriele et al. [17] In the case of coffee solutions, viscosity and some physical properties have been reported by Sobolik et al. [18] and Telis-Romero et al. [19] for temperatures ranging from 20 to 80 • C. The freezing curve of coffee extract was obtained by Thijssen [20] and Pardo et al.; [21] nevertheless, the authors report the dependence of data on the type of coffee and extraction methods. Additionally, Telis-Romero et al. [22] studied the physical properties of coffee extract. However, there are no reports of coffee solution's viscosity and physical properties for temperatures below 0 • C. The modeling of viscosity and other physical properties at temperatures close to the freezing point could contribute to the design of processes and equipment for freezing technologies, such as freeze concentration, freeze drying, and coffee extract handling, in the coffee industry. The aim of the present work was to measure and model the relation of coffee mass fraction and • Brix, freezing curve, rheological behaviour, and density of coffee solutions at temperatures close to the freezing point.
MATERIALS AND METHODS

Materials
Colombian freeze-dried coffee (Buencafé, Buencafé Liofilizado de Colombia) provided by the Colombian Coffee Growers Federation was used to prepare aqueous solutions at different coffee mass fractions. Soluble coffee granules were dissolved in distilled water at 30 • C to obtain samples at different concentrations.
Relationship between Coffee Mass Fraction and • Brix
Coffee solutions were prepared at different coffee mass fractions: Xs = 0.10, 0.20, 0.30, 0.40, and 0.50. The solutions were stored at 20 • C. • Brix and index refraction were measured by refractometry (Atago Pal 100, Japan) at 20 • C ± 1 • C. The total dry matter was measured by weight-loss after oven drying at 103 • C ± 1 • C for 4 h according to technical standards. [23] Measurements were performed in quadruplicate.
Freezing Curve
The method of undercooling reported by Auleda et al., [24] Ayel et al., [25] and Jie et al. [26] was used to determine the freezing point of coffee solutions. Coffee solutions at Xs = 0.10, 0.20, 0.30, 0.40, and 0.50 were tested. The method consisted of cooling the sample by immersion in a cooling bath.
Four test tubes with 10 mL of the sample were immersed in a cooling bath (Polystat, Cole Parmer, USA). The cooling fluid was a mixture of ethylene glycol and water (53% w/w). The bath was temperature controlled at an interval from −35 to 150 • C ± 0.01 • C. The temperature of the bath was settled at −13 • C ± 0.01 • C. The test tubes were immersed after the bath reached the temperature. The test tubes contained a PT100-IP65 temperature sensor (Testo, Germany) located in the centre of the sample. The sensor had a 2-mm diameter and a precision of ±0.01 • C, and it was connected to a 176 T2 datalogger (Testo, Germany). The temperature profile was stored in a PC. The freezing points were determined based on the cooling curves. The highest temperature reached after the undercooling due to nucleation corresponded to the freezing point. All of the experiments were performed in quadruplicate.
The method was previously standardized by measuring the freezing curve of sucrose solutions and comparing it with reported data. [10, 24] The solutions were prepared with sucrose of analytic grade (Panreac Química, Colombia) at solid concentrations of 10-50% w/w and distilled water at 40 • C. The solutions were stored and then freezing points were determined. The technique was accepted when the difference between experimental and theoretical data was within 5%. This difference may be attributed to the solute inclusion in ice. [27] 
Rheological Measurements
Coffee solutions were prepared at Xs = 0.05, 0.20, 0.35, and 0.50. The solid content was verified by refractometry (Atago Pal 100, Japan) at 20 • C ± 0.05 • C using the equation obtained in the • Brix and coffee mass fraction measurements. The rheological behaviour of the samples was determined using a viscometer of coaxial cylinders (FungiLab Viscostar L, Barcelona, Spain) equipped with a device for low viscosity measurements, which is able to measure viscosities from 0 to 2000 mPa•s. The 18-mL sample of coffee solution was placed on the device with a concentric inside spindle. The device was immersed in a cryostat (Polysience Model 9505, USA, temperature range: −30 to 150 • C; temperature stability ±0.5 • C; readout accuracy: ±0.5 • C). The viscometer was connected to a PC for data storing. The sample temperature was verified using a thermocouple type K (Precision ±0.5 • C; measurement range: −50 to 1000 • C) connected to a Datalogger (Testo 174 T4, Spain). Viscosity was measured after the sample reached the desired temperature.
The measurements were performed varying shear rate, sample temperature, and coffee mass fraction. Four shear rates were adjusted for each sample, from 5 to 120 s −1 , depending on the solution's viscosity. The limit was established by the maximum torque of the viscometer. Shear rates were calculated using an equation given by the viscometer to convert rotational speed into shear rate, γ = 1.2236 * ω. Different temperatures above freezing point were tested (−6, −4, −2, 0, 2, and 4 • C) depending on Xs, such that the solution remained in a liquid state. Four different coffee mass fractions (0.05, 0.20, 0.35, and 0.50) were tested. Experiments were performed in triplicate. The rheological behaviour of coffee solutions was modeled using the power law shown in Eq. (1):
An Arrhenius type equation (Eq. 2) was used to describe the effect of temperature on the viscosity of coffee solutions: [14] 
Activation energy and frequency factor were fitted to the Xs dependent model [9] shown in Eqs. (3) and (4):
Two general models to predict viscosity of coffee solutions as a function of temperature and coffee mass fraction simultaneously were fitted. Mathlouli and Genotelle (cited by [10] ) proposed a general model for sucrose solutions shown in Eq. (5):
where
Moreover, Sobolik et al. [18] proposed a model applied to coffee solutions at room temperatures and higher, as shown in Eq. (7):
Density
The density of coffee solutions at Xs = 0.10, 0.20, 0.30, 0.40, and 0.50 was determined by using a pycnometer at temperatures of 0, 5, 10, 15, 20, and 25 • C ± 0.01 • C. The pycnometers with the samples were immersed in a cooling bath at the settled temperature (Polystat Cole Parmer, USA). One blank sample had a PT100-IP65 temperature sensor (Testo, Germany) immersed to check the temperature. After the sample reached the temperature, the pycnometers were closed and weighed in an analytical scale (Mettler Toledo, USA). The measures were performed in triplicate.
Statistical Analysis
The average and the standard deviation of all data were calculated by SPSS 20.0 software. The unknown parameters of the models shown in Eqs. (1) to (10) were adjusted from experimental results using a linear regression fitting procedure with SPSS 20.0 for Eqs. (2) to (4) and a non-linear regression procedure for the other intrinsically non-linear models. The goodness of model fit was based on coefficient of determination (R 2 ), defined by the ratio between the regression sum of square and the total sum of squares. For the best fit, the R 2 value should be high.
RESULTS AND DISCUSSION
Relationship between Coffee Mass Fraction and • Brix
The • Brix are a measure of the soluble solid content of sugar solutions. The relationship between • Brix and coffee mass fraction is presented in Table 1 . A linear relation was obtained as seen in Eq. (8) . The equation allows measuring coffee mass fraction by refractometry. The equation can be modified to %Solids = 0.87· • Brix, in order to obtain solid percentage. Similar relationships are used in the coffee industry. [28] The refractive index was also measured and its relation with Xs is presented in Table 1 . The relationship was fitted in Eq. (9) . The models allowed calculating coffee mass fraction using a quick technique, such as refractometry. 
Freezing Curve
The cooling curves of coffee solutions were determined in quadruplicate as shown in Fig. 1 . The super-cooling can be observed by the temperature decrease until the nucleation process begins. Subsequently, a temperature increase was produced due to the latent heat of the phase change. The highest temperature reached corresponded to the freezing point of the sample. [24] From the cooling curves at different Xs, an average freezing point was calculated and the freezing curve for coffee solutions was obtained ( Table 2) . Data correspond to average and standard deviation. The values are comparable to those reported by Thijssen [20] and Thaler [29] for different types of coffee. The difference with the freezing point of water (0 • C) corresponded to the freezing point depression. Data were fitted to Eq. 
The freezing curve of coffee is between the freezing curves of glucose and sucrose, within the typical region of food fluids proposed by Auleda et al. [24] This can be attributed to the polysaccharides content of coffee extract, which varies from 20 to 75% dry basis, [29−31] depending on coffee variety, roasting, and extracting processes. 
Rheological Measurements
Rheological behaviour
The rheograms of coffee solutions at Xs 5, 20, 35, and 50% and temperatures between −6 and 4 • C are presented in Fig. 2 , where shear stress (σ ) as a function of shear rate (γ ) is plotted. The dots correspond to experimental data and the lines were generated from parameters of Eq. (1), shown in Table 3 . For this regression, coefficients of determination between 0.95 and 1.00 were obtained, suggesting good fitness of the models. A Newtonian behaviour was obtained with a flow index close to 1. Exponents of power law were less than 1 for high Xs and low temperatures, showing a slightly pseudoplastic behaviour. However, this result is not significant according to standard deviation. The Newtonian behaviour was reported by Sobolik et al. [18] for concentrated coffee solutions at higher temperatures in the interval from 0 to 1574 s −1 . Moreover, the consistency coefficient of Eq. (1) was increased with Xs and decreased with temperature, as indicated by several researchers. [7, 32] Assuming a Newtonian behaviour, the values of viscosity of coffee solutions at the tested shear rates are presented in Table 2 . As expected, the viscosity increased with increasing Xs and decreasing temperature. It was observed that influence of Xs on viscosity is greater than influence of temperature. These results are comparable with those obtained for other food solutions [ 15 ] and for coffee solutions at higher temperatures. [18, 19] 
Viscosity mathematical modeling
The viscosity dependence on temperature is presented in Table 4 . As expected, viscosity increased with Xs and decreased with temperature. Data was fitted to Eq. (2) and the parameters Table 3 .
for coffee solutions are presented in Table 5 . The activation energy was increased with Xs, similarly to the result obtained by Telis-Romero et al. [19] for coffee solutions at temperatures between 20 and 80 • C. On the other hand, Ko values decreased with Xs. A good fit between experimental and modeled data was obtained. The results are comparable with those reported for other food solutions at temperatures close to freezing. [13−15] E a for sucrose solutions was reported by Galmarini et al., [33] for sucrose concentration of 35% with a value of 22.0 kJ·mol −1 between 20 and 34 • C. For fruit juices, activation energy of 42 kJ·mol −1 is reported by Chin et al. [7] Likewise, the reported activation energy of untreated sugar cane juice is 36.79 kJ·mol −1. [34] E a value for mandarin juice at low temperatures is 33 kJ·mol −1. [13] It is important to remember that E a for water is 14.4 kJ·mol −1 and this value can be increased until 60 kJ·mol −1 with solid concentration. [35] E a for coffee solutions obtained in the present study varied from 22.0 to 51.3 kJ·mol −1 , giving values within the range for food fluids.
General models. The regression analyses were performed for four different models of viscosity prediction as a function of Xs and temperature. Parameters of models, standard deviation, and coefficients of determination are given in Table 6 . Values are comparable with those reported by Ibarz et al., [9] Longinotti and Corti, [10] and Sobolik et al., [18] although there are some differences in values due to specificity for coffee solutions at the present conditions. Equation (11) had the highest The other two models tested presented a slightly lower regression coefficient, but the adjustment was also satisfactory. Consequently, it is assumed that all models properly describe the viscosity of coffee solutions in the temperature and coffee mass fraction intervals evaluated in this study.
The parameters of Eq. (7) for coffee solutions at temperatures between 0 and 80 • C were reported by Sobolik et al. [18] It is possible to compare a coincident point between the reported model and the model fitted in the present work. The viscosity of a coffee solution at Xs 0.20 and T = 0 • C, generated by the model reported by Sobolik et al. [18] is 0.0085 Pa s and the corresponding value obtained in this work is 0.0069 Pa s, showing a difference of 18%. Sobolik et al. [18] compared their results with those obtained by Weisser in a previous work and found a maximum difference of 15%. This difference is attributed by the authors to the fact that viscosity depends on the type of coffee and its processing. The generation of parameters of this model at temperatures close to freezing expands the range of application of the model to sub-zero temperatures.
A plot of viscosity values as a function of temperature and Xs was generated using the parameters of Eq. (11) (Fig. 3 ). This figure showed that viscosity increased with Xs and decreased with temperature. The same result was reported by Diaz-Ocampo et al. [36] The curve on the surface represents the freezing point curve of coffee solutions using values obtained by Eq. (10). The viscosity values beyond the line do not have physical significance because they are below the freezing point. A higher dependence of viscosity on Xs than on T is evident in the studied interval.
Density
The density of coffee extract as a function of coffee mass fraction and temperature is shown in Table 7 . As expected, density increases with Xs and decreases with temperature. [37] Values between 1036 and 1277 kg·m −3 were obtained. The results are similar to those reported by Telis-Romero et al. [22] between 1000 to 1200 kg m −3 for the same Xs intervals and higher temperatures. The density evidences a stronger dependence on solid content than on temperature. Density can be expressed as an average of coffee solids density and water density; [18] in turn, density of these components is dependent on temperature. The model fitted is shown in Eqs. (12) to (14) . The regression coefficient was R 2 = 0.989, showing a good data fitting. 
where ρ c = 1878.1 − 40.76T + 1.035T 2 ,
CONCLUSIONS
The viscosity of coffee solutions at temperatures close to the freezing point can be predicted by three general models as a function of temperature and coffee mass fraction. The coffee solutions presented a Newtonian behaviour. A slight pseudoplasticity was found at high concentrations and low temperatures, but this result was not significant. In turn, a linear relationship between coffee mass fraction and • Brix was found; this expression allows measuring coffee mass fraction by a simple technique, such as refractometry. Meanwhile, the freezing curve presented a quadratic behaviour within the zone for food fluids. Finally, the density of coffee solutions can be expressed as an average of coffee solids and water densities. The characterisation of physical properties, rheological behaviour, and freezing curve of coffee solutions is useful for designing operations, such as freeze-concentration and freeze drying. Mathematical models for • Brix, viscosity, freezing point depression, and density of coffee solutions were fitted. These models can contribute in designing technologies, such as freeze concentration and freeze drying in the coffee industry. 
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